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Chapter i General Introduction 
Introduction 
Pulsed laser deposition (PLD) has gained a great deal of attention over the past 
decade for its ease of use and success in depositing thin films of complex stoichiometry 
materials. PLD was the first technique used to deposit a superconducting YBa2Cu30~ thin 
film. Since that time, many materials that are normally difficult to deposit by other 
methods, especially superconductors, oxides, ferroelectrics, semiconductors, dielectrics 
and hard materials, were able to be easily grown by PLD. 
In laser ablation, high-energy laser pulses are used to evaporate matter from a 
target surface such that the stoichiometry of the material is faithfully preserved in the 
interaction. As a result, a supersonic jet of particles (plume) is ejected normal to the 
target surface. The plume, similar to the rocket exhaust, expands away from the target 
with a strong forward-directed velocity distribution of the different particles. The ablated 
species condense on the substrate placed opposite to the target. The ablation process 
takes place in a vacuum chamber - either in vacuum or in the presence of some 
background gas. In the case of oxide films, oxygen is the most common background 
gas. 
The laser ablation process and consequently the properties of the deposited films are 
strongly dependent on many parameters, some of which are: 
• Laser fluence (i.e. the energy per unit of area) and wavelength 
• Structural and chemical composition of the target material 
• Chamber pressure and the chemical composition of the buffer gas 
• Substrate temperature and the distance between the target and the substrate. 
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The purpose of research is to scientifically investigate the femtosecond pulsed 
laser deposition and micromachining of two thin films. One is a polymer 
(polytetrafluoroethylene) and the other is a ceramic (3C-SiC). Both these materials are 
extensively needed in numerous MEMS and microelectronics applications. Due to its 
high hardness, SiC is difficult to deposit and micromachine. Due to its excellent chemical 
resistance, PTFE is also difficult to microfabricate. 
Thesis Organization 
This thesis is organized into a chapter on literature review, three papers and a 
chapter on conclusions. The first paper deals with the femtosecond pulsed laser 
deposition and fabrication of micromotor on Teflon thin films along with a comparison of 
the traditional excimer deposition. The second paper deals with the femtosecond pulsed 
laser deposition and fabrication of microgripper on 3C-SiC along with a comparison of 
films deposited by excimer laser and atmospheric chemical vapor deposition methods. 
The third paper deals with the details of fabrication of a microgripper on 3C-SiC thin 
film. 
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Chapter 2 Literature Review 
Mechanism of PLD 
The theory of pulsed laser deposition, in contrast to the simplicity of the system 
set-up, is a very complex physical phenomenon. It does not only involve the physical 
process of the laser-material interaction, but also the formation plasma plume with high 
energetic species and transfer of the ablated material through the plasma plume onto 
the heated substrate surface. Thus the thin-film formation process in PLD can be divided 
generally into the following four stages [1]: 
• Laser radiation interaction with the target 
• Dynamics of the ablated species 
• Deposition of the ablated species on the substrate 
• Nucleation and growth of thin-film on the substrate surface 
Each stage in PLD is critical to the formation of quality epitaxial crystalline, 
stoichiometric, uniform and smooth thin film [Z]. 
In the first stage, the laser beam is focused onto the surface of the target. At 
sufficiently high flux densities and short pulse duration, all elements in the target are 
rapidly heated up to their evaporation temperature. Materials are dissociated from the 
target surface and ablated out with same stoichiometry as in the target. The 
instantaneous ablation rate is highly dependent on the fluences of the laser shining on 
the target. The ablation mechanisms involve many complex physical phenomena such as 
col lisional, thermal, and electronic excitation, exfoliation and hydrodynamics. 
During the second stage the emitted materials tend to move towards the substrate 
according to the laws of gas-dynamics and the spatial thickness varied as a cosine 
function of cone angle of plasma. The spot size of the laser and the plasma temperature 
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has significant effects on the uniformity of deposited films. The target-to-substrate 
distance is another parameter that governs the angular spread of the ablated materials. 
The third stage has a critical influence on the quality of thin film. The ejected 
high-energy species impinge onto the substrate surface and may induce various types of 
damage to the substrate. These energetic species sputter some of the surface atoms 
and a collision region is formed between the incident flow and the sputtered atoms. 
Films start growing after a thermalized region is formed. The region serves as a source 
for condensation of particles. When the condensation rate is higher than the rate of 
particles supplied by the sputtering, thermal equilibrium condition can be reached 
quickly and the film grows on the substrate surface. 
The fourth stage -nucleation-and-growth of crystalline films- depends on many 
factors such as the density, energy, ionization degree, and the type of the condensing 
material, as well as the temperature and the physical-chemical properties of the 
substrate. The two main thermodynamic parameters for the growth mechanism are the 
substrate temperature T and the supersaturation m. They can be related by the 
following equation: 
where k is the Boltzmann constant, R is the actual deposition rate, and Re is the 
equilibrium value at the temperature T. 
The nucleation process depends on the interfacial energies between the three 
phases present -substrate, condensing material and vapor. The minimum-energy shape 
of a nucleus is l ike a cap in which the critical size of the nucleus depends on the driving 
forces, i.e. the deposition rate and the substrate temperature. For the large nuclei (a 
case of small supersaturation), islands of the film are grown on the substrate which 
subsequently coalesce together. As the supersaturation increases, the critical nucleus 
shrinks until its height reaches atomic diameter and its shape is that of a two-
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dimensional layer. For large supersaturation, the layer-by-layer nucleation wil l happen 
for incompletely wetted foreign substrates. 
The crystalline film growth depends on the surface mobility of the adatom (vapor 
atoms). Normally, the adatom wil l diffuse through several atomic distances before 
sticking to a stable position within the newly formed film. The surface temperature of the 
substrate determines the adatom's surface diffusion ability. High temperature favors 
rapid and defect-free crystal growth, whereas low temperature or large supersaturation 
crystal growth may be overwhelmed by energetic particle impingement, resulting in 
disordered or even amorphous structures. 
The mean thickness of the growing film that reaches the state of continuity is 
given by the formula, 
N99 = A (1/R) 1~3 exp (-1/T) 
where R is the deposition rate (supersaturation related) and T is the temperature of the 
substrate and A is a constant related to the materials. 
In the PLD process, due to the short laser pulsed duration (N10 ns) and hence 
the small temporal spread (<10 ms) of the ablated species, the deposition rate can be 
enormous. Consequently a layer-by-layer nucleation is favored and ultra-thin and 
smooth films can be produced. In addition, the rapid deposition of the energetic ablation 
species helps to raise the substrate surface temperature. In this respect PLD tends to 
demand a lower substrate temperature for crystal l ine film growth. 
Advantages of Pulsed Laser Deposition: 
• Conceptually simple: a laser beam vaporizes a target surface, producing a film 
with the same composition as the target. 
• Versatile: many materials can be deposited in a wide variety of gases over a 
broad range of gas pressures. 
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• Cost-effective: one laser beam can be split into multiple beams that can serve 
many vacuum systems. 
• Fast: high-quality films can be grown reliably in as low as 10 to 15 minutes. 
• Scalable: technology can be extended to high-volume production through 
multiple targets and beams. 
Disadvantages of PLD: 
• Creation of particulates 
• Target degradation 
• Smal l area deposition, narrow angle of stoichiometric transfer of target material. 
Among the disadvantages of the PLD technique, creation of particulates is the 
major drawback to attain ahigh-quality thin film which makes it unsuitable for many 
applications, predominantly microelectronics, MEMS and photonics devices. However 
ultrafast lasers such as femtosecond lasers, owing to the unique laser-material 
interactions associated with them, offer significant improvements in the deposition rate 
and quality of films than the traditional nanosecond lasers. 
Femtosecond Pulsed Laser System 
Using special mode-locking techniques in laser media such Titanium:sapphire, 
pulsewidths of a few femtoseconds are made possible [3]. A detailed schematic of the 
femtosecond laser system is shown in Figure 1. 
A femtosecond mode-locked seed beam of 14.5 nm bandwidth, pulse energy in 
the nanojoule range and repetition rate of 80 MHz, is emitted from a Ti:Sapphire 
oscillator pumped by a diode laser. 
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Figure 1 A detailed Schematic of the femtosecond laser 
A pulsed Nd:YLF operating at repetition rate of 1 kHz pumps the seed beam 
through a regenerative amplifier. This power is not adequate for micromachining 
applications. Therefore, the laser pulses are amplified to a maximum of 1 mJ, using the 
Chirped Pulse Amplification technique. The main steps of the amplification are shown in 
Figure 2. 
Figure z The main steps of the amplification 
Pulse stretching 
If the short pulsed, high intensity beam from the oscillator is directly amplified, it 
would damage the amplifier medium. In order to decrease the peak intensities, a 
varying phase (a chirp) is induced on the different spectral components of the pulse, 
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leading to a stretching of the pulse duration. In the kHz system a grating stretcher is 
commonly used for this purpose. The different frequencies wil l not have the same optical 
path length, and the pulses are stretched to as long as 300 ps. 
Amplification stage 
The stretched pulses (300 ps) are then passed into the first amplification stage. 
This is performed by using Pocket's cel l and polarizer. The first amplification step is done 
by a regenerative amplifier cavity, with two concave mirrors. The selected pulses do a 
few round trips before they are coupled out. The Ti:Sapphire crystal in the regenerative 
cavity is pumped by a frequency doubled Nd-YLF laser. The beam is then sent to two 
other amplification stages. In these amplifiers, the pulses pass the gain medium twice 
(two-pass amplifier). 
Compression 
In order to achieve high power, the long pulses have to be recompressed for 
which a grating compressor is used. As in the stretcher, the different optical frequency 
components will not have the same path in the cavity. The compressor compensates for 
the chirp of the pulses and recompresses the pulses in time. Finally a high intensity of 
ultra-short pulses with 120 fs FWHM pulse width, 800 nm wavelengths and 1 mJ of 
maximum pulse energy is generated from the compressor. 
Femtosecond lasers deliver an incredible amount of peak power. These systems 
routinely deliver 5 to 10 Gigawatts of peak power (this is more than the average power 
delivered by a large nuclear plant). The laser intensity easily reaches the hundreds of 
Terawatts per square centimeter range at the work spot. No material can withstands the 
forces at work at these power densities. This means that with ultrafast laser pulses, we 
can machine very hard materials as well as materials with extremely high melting points 
such as Molybdenum, Rhenium, etc. 
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Ablation 
The last decade has seen rapid advances in the production of ultrashort or 
ultrafast laser pulses for thin film deposition and micromachining. The unique 
characteristics of the femtosecond lasers such as high intensity, multiphoton absorption 
and less thermal effects make it possible to achieve high spatial resolution, clean 
ablation and high quality thin films. After the ultra fast laser beam strikes the surface of 
the target, the ablated material is ejected in the form of plasma (a cluster of ions and 
electrons) which expands and settles down on the surface of the substrate as shown in 
Figure 3. 
Figure 3 Pulsed laser ablation 
The electrons are lighter and more energetic than the ions; they come off the 
material first, followed by the ions [4]. The ions all have positive charges; they repel 
each other as they expand away from the material. Consequently, there are no droplets 
that condense onto the surrounding material. Additionally, since there is no melt phase, 
there is no splattering of material onto the surrounding surface. The micromachining 
quality is a strong function of the amount of heat deposited in the work piece, or more 
exactly, a function of the amount of heat that is left behind in the material that can and 
does cause damage. Ultrafast pulses are extremely short that the energy they deposit in 
material does not have time to leak away from the micromachining spot via mechanisms 
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l ike thermal conduction. The energy is deposited in the material so fast that the material 
is forced into a state of matter called plasma. This plasma then expands away from the 
material as a highly energetic gas, taking almost all the heat away with it. Essentially, 
the material goes from a solid to a gas phase without forming a melt phase. Figure 4 
shows the ultrafast pulse laser-matter interactions. Consequently, very little heat is left 
behind to damage the material [5]. This means that the machining quality can be 
elevated. 
With the ultrafast pulses very little debris was generated during the 
micromachining process, and what remains is not in the form of hot droplets that 
attached to the surface but rather a fine dust that does not carry much heat, and 
therefore does not bind to the surface. Femtosecond pulse machining is highly 
reproducible, can be used to create sub-micron features, and can machine features 
inside transparent materials. 
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Figure 4 Ultrafast pulse laser-matter interactions 
Micromachining 
To create the smallest feature by machining, the light must be focused to as 
small spot as possible. The size of the spot is determined by several factors, but the 
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smallest spot that can be obtained is about the wavelength of the light. Thus, if the 
wavelength of light is about 0.5 microns, then the smallest spot can be created is about 
0.5 microns. Although both ultrafast pulse lasers and long pulse lasers can be operated 
at the same wavelengths such as 0.5 micron, the long pulse laser is not capable of 
creating a machined feature that is much less than about 10 microns because of heat 
diffusion into the surrounding material. 
Figure 5 shows how an ultrafast laser pulse can create features substantially 
below that of the central wavelength of the laser pulse itself. First the ultrafast laser is 
focused on a spot with a profile that has peak intensity in the center of the beam and 
smoothly decreases radially outward from the center (a "Gaussian" spot). The intensity 
of the laser spot on the surface of the material is adjusted so that just the peak of the 
beam is above threshold, and therefore the material wil l be removed only in that very 
limited area. That very limited area can be as little as one-tenth of the size of the spot 
itself. By using the ultrafast laser pulses with a central wavelength of 0.2 micron the 
features as small as 0.02 microns or 20 nanometers can be created. 
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Figure 5 Creating sub-micron features using a femtosecond laser 
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It is important to note that the unique combination of multiphoton absorption and 
saturated avalanche ionization provided by ultrafast laser pulses to machine materials 
on dimensions much smaller than 1 micron. Without this unique characteristic of 
machining with ultrafast laser pulses and the highly deterministic nature of the process, 
it would not be possible to achieve these results without a heat-affected zone. More 
specifically, it is not possible to get comparable highly repeatable sub-micron machining 
with long pulse laser systems [6]. 
Advantages of ultrafast laser: 
• No melt zone 
• No microcracks 
• No shock wave 
• No delamination 
• No recast layer 
• No damage to adjacent structures 
• High accuracy and repeatability 
• Precision machining of fine features 
• Machine and deposit nearly al l kinds of materials 
Application 
Biomedical devices 
Femtosecond lasers are used for fabricate medical devices such as stents and 
catheters which are inserted into the blood vessel to ensure the sufficient flow [7]. 
These lasers are also used in the treatment of biological soft and hard materials (e.g. in 
dentistry, ophthalmology and otolaryngology). Ablation of tissues with femtosecond 
pulses is distinguished by a very fine and careful ablation process. Thermal damage at 
the margin area of ablation does not occur due to an extreme short interaction time. 
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Ultrashort-time X-ray processes allow improved early diagnoses in medical technology or 
help to minimize secondary damage in invasive surgery. 
Micro-optics 
It is used to machine micro-lenses and diffractive optical elements in optical 
materials with a high surface finish. 
Photonics devices 
It is used for the fabrication of optical waveguides in bulk glasses or silica for 
photonic light wave circuits and other telecommunications devices. 
Micromachining 
It is used to dril l diesel injector nozzles and other thick metals. In precise 
materials processing, femtosecond technology allows processing without damage - or in 
other words cold processing. For extremely short pulses, production of heat is 
concentrated in surface layers in the range of nanometers; the surrounding material 
remains cold. By repetition of pulses with high frequency, the processing zone can be 
enlarged in area and depth and a steel of 1 mm thickness can be readily pierced. The 
splitting of a beam in many processing steps allows a flexible, probably adaptive control 
of the structure geometry. 
Polytetrafl u roethylene 
Polytetrafluoroethylene, also known as Teflon, was invented in April 6, 1938, at 
DuPont's Jackson Laboratory in New Jersey by DuPont chemist, Dr. Roy J. Plunkett [8]. 
Polytetrafluoroethylene (PTFE), made of carbon and fluorine atoms, is a synthetic 
polymer with characteristics of semi-crystalline, semi-opaque and white. 
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Properties of PTFE 
• Very Lubricious -Lowest coefficient of friction of any polymer 
• Working temperature range 500° F (z60° C) to -454° F (-z70° C) 
• Chemically Resistant (all common solvents, acids and bases) and Chemically 
Inert Excellent Dielectric Insulation Properties 
• Biocompatible - USP Class VI approved 
• Flame resistant: UL 94 VO 
• Very high oxygen index 
• Exceptional mechanical resistance under severe conditions 
Disadvantages 
• High cost. 
• Low strength and stiffness. 
• Cannot be melt- processed. 
• Poor radiation resistance. 
Despite the disadvantages, the unique properties of PTFE have made it as a 
polymer of first choice for many advanced applications. With the lowest coefficient of 
friction of any polymer and an extremely broad working temperature range, PTFE has 
been designed into products ranging from advanced medical devices to high 
temperature industrial equipment. Because of its unparalleled chemical resistance and 
slippery behavior, PTFE is widely employed in chemical and analytical science industries, 
aerospace, communications, electronics, industrial processes and architecture. 
Developmental applications currently under evaluation are optical fiber cladding, 
photolithography, and dielectric materials for the next generation of high-speed 
computer circuits. 
Application 
Optical Materials 
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The properties of Teflon, including optical clarity, low refractive index, and 
exceptional UV stability and UV transmission capability, make it as an ideal candidate for 
optical devices for medicine, military, and aerospace industry. Teflon can function as a 
clear coating for optical devices requiring a low refractive index and yet perform in 
aggressive chemical environments over a wide range of use temperatures and light 
waves (UV-IR). Possible applications include lens covers for microwave, radar and 
optical devices; optical cladding; optoelectronic devices; UV cells and windows; 
passivation and protective coatings; and anti-reflective coatings for optical devices. 
Semiconductors and Processing Materials 
Teflon is well-suited for semiconductor processing materials. It offers the benefits 
of good dimensional stability, reduced mold shrinkage, smooth surface, and rigidity at 
high-use temperatures. Also, as the drive for higher data transmission and processing 
speed increases and the size of integrated circuits shrinks, Teflon can provide the critical 
electrical properties for the next generation of computer chips. 
Dielectric Materials 
Teflon has the lowest known dielectric constant (1.89-1.93) of any plastic 
material. It is being evaluated as a dielectric for high-density and hybrid integrated 
circuits. It also possesses a low dielectric constant even at gigahertz frequencies, a low 
dissipation factor, low moisture sensitivity, good dimensional stability, and a high glass 
transition temperature (Tg). It is easy to mold and spin cast, important factors for 
dielectric materials. Applications may also exist for passivation layers and for 
encapsulation for hybrid/sandwich integrated circuit packaging. 
Release Materials 
Low surface-free energy, low moisture absorption, and solution coating capability 
combine to make Teflon suitable as a coating or film for release materials. And the 
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ability to produce very thin coatings in the micron level allows Teflon to be used as a 
release coating for other substrates and render them non-stick surfaces. 
Specialized Chemical/Industrial Materials 
Teflon is stiff, creep-resistant, and inert to chemical attack. Teflon can be 
fabricated into thin films and coatings and smooth-surfaced products, and also molded 
into high-performance mechanical parts that can function in severe exposure conditions 
of high temperature, chemicals, and destructive environmental agents. These 
characteristics provide processors exceptional flexibility and make Teflon an excellent 
candidate for the demanding and stringent conditions that exist in the military and the 
electronic, chemical, and aerospace industries. 
Fiber Optics 
Teflon is well-suited for fiber optics applications because of its low refractive 
index and exceptional optical clarity throughout the range from ultraviolet into infrared 
wavelengths. 
Integrated Optics 
Because of the optical and electrical properties of Teflon, opportunities exist for 
the material to function in transmitting and sensing data for integrated optics systems. 
Biomedical Materials 
Teflon can be solution coated onto other substrates to enhance biocompatibility 
for optical sensing and diagnostic applications. Initial evaluations indicate possibilities for 
use as potential separation media for gases and liquids. 
Other Applications 
Teflon may be an appropriate replacement for corrosion-resistant coatings for 
electronics or replacement of current technology in other high-tech applications. 
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Silicon Carbide 
Silicon is the current material dominating the electronics industry today. Silicon 
carbide (SiC), however, has superior properties for power devices compared to si l icon. A 
change of technology from silicon to si licon carbide wil l revolutionize the power 
electronics. 
The first observation of SiC was made in 1824 by Jons Jacob Berzelius. At that 
time the properties of SiC were not understood. It was not until the invention of the 
electric smelting furnace by E. H. & A. H. Cowles and its application to carbonaceous 
compounds by Acheson that the interest in SiC came into focus. The purpose of 
Acheson's invention was to produce a material substituting diamond and other abrasive 
materials for cutting and polishing purposes. Acheson found that the crystalline products 
exhibited a great hardness, refractability and infusibility. He called the product 
'carborundum' and described it as si licide of carbon with the chemical formula SiC. The 
invention had a great impact and much of this material was produced mainly for cutting 
and abrasive purposes. Shortly afterwards the electronic properties of SiC were 
investigated. 
The first Light Emitting Diode (LED) was made from SiC in 1907. In 1955, Lely 
presented a new concept of growing high-quality crystals. The research in SiC became 
more intensified after this and the first SiC conference was held in Boston 1958. In 
1978, a discovery of comparable dimension and importance as the Acheson process was 
presented by Tairov and Tsvetkov who discovered a way to produce substrates by a 
seeded sublimation growth. Due to this discovery, the SiC technology gained new speed. 
The possibi l ity to grow single crystal SiC on Si substrates which was invented by 
Matsunami et al in 1981 was an important milestone not so much technologically but 
more as a further 'temperature increase' in the SiC field. Limitations of the Si technology 
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and the III/V technology have further fueled the interest in SiC and at present the field 
is growing rapidly much owing to the recent commercial availability of substrates. 
Silicon carbide is known as a wide bandgap semiconductor existing in many 
different polytypes. Despite the fact that all SiC polytypes chemically consist of 50% 
carbon atoms covalently bonded with 50% silicon atoms, each SiC polytype has its own 
distinct set of electronic properties. While there are over 100 known polytypes of SiC, 
only a few are commonly grown in a reproducible form acceptable for use as 
semiconductors. 
The three most common polytypes are 3C or R-SiC, 6H and 4H. The 3C polytype, 
also known as beta-SiC (or [3-SiC), exhibits cubic structure, crystallizes in a ZnS-type 
structure and grows epitaxially on silicon substrates. It also requires much lower 
substrate temperature (1500°C or less) than others in chemical vapor deposition. In 
contrast, the 6H-SiC and 4H-SiC (hexagonal, alpha form) did not grow on any substrate 
except 6H-SiC and 4H-SiC which requires higher temperature (up to 2000°C). This has 
slowed down the development of 6H and 4H polytype devices. 
Table 1 show a comparison of the electronic properties of these three types at 
300 K [9,10], which suggests that 3C-SiC is preferred for its abi lity to provide the 
highest speed of electron and hole transport in the crystal and that 6H-SiC and 4H-SiC is 
preferred for their wide band gap. All polytypes are extremely hard, very inert and have 
a high thermal conductivity [11]. 
Table 1 Electronic properties of three polytypes of SiC 
Material Bandgap Electron 
mobility 
Hole 
mobility 
Breakdown 
field 
Electron- 
drift 
velocity 
Dielectric 
constant 
3C-SiC 2.3 eV 5800 
cmZ/V-s 
<_ 320 
cmZ/V-s 
10-6 V/cm 2.5x10' 
cm/sec 
9.7 
6H-SiC 3.0 eV <_ 400 
cmZ/V-s 
<_ 90 
cmZ/V-s 
0.6x10.6
V/cm 
2x10' 
cm/sec 
9.7 
4H-SiC 3.2 eV <_ 900 
cmZ/V-s 
<_ 120 
cmZ/V-s 
0.6x10.6
V/cm 
2x10' 
cm/sec 
9.7 
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Typical Properties of SiC are: 
• Low density 
• High strength 
• Good high temperature strength (Reaction bonded) 
• Oxidation resistance (Reaction bonded) 
• Excellent thermal shock resistance 
• High hardness and wear resistance 
• Excellent chemical resistance 
• Low thermal expansion and high thermal conductivity 
• Electrical conductivity 
• High breakdown electric field 
• High carrier saturation velocity 
Atmospheric pressure CVD (APCVD), sputtering, metal-organic CVD, atomic layer 
epitaxy, molecular beam epitaxy, and pulsed laser deposition (PLD) are the current 
techniques used to grow single, amorphous and polycrystalline forms of SiC bulk and 
thin films [12,13]. 
Micromachining 
Conventional silicon bulk micromachining techniques can be used for 
fabricating single-crystal, poly and amorphous SiC albeit with some difficulty. Single 
crystal and poly SiC layers between a few microns and several tens have been 
used for BMM structures. Their mechanical properties can be adjusted during or 
after growth, so to obtained low stress structures. Amorphous SiC films are generally 
thinner as stress is more difficult to control. Therefore, they are often used in sandwich 
configurations together with silicon oxide, nitride or polysilicon. 
Single-crystal SiC films must be grown directly on single-crystal silicon. 
Therefore, no conventional surface micromachining is possible with crystalline layers on 
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silicon. Poly-crystalline and amorphous SiC layers, on the other hand, can be 
grown on various substrates and are suitable for surface micromachining. Poly-SiC 
is generally grown on a poly-Si layer or deposited on oxide layers. The SiC is the 
mechanical or structural layer while the poly-Si or the oxide is used as sacrificial 
layer. When poly-Si is used as sacrificial layer, KOH or TMAH can be used to 
release the SiC microstructures, so that the oxide can be used to protect the 
underlying silicon during the final sacrificial etch. If the oxide is used as sacrificial 
layer, HF based solutions are used, just as in conventional sil icon surface 
micromachining. No protection of the mechanical layer is required since SiC is HF 
resistant. Multi-layer structures are also possible. If an oxide layer is grown under the 
poly-Si layer, the oxide could be used as sacrificial layer and both poly-Si and poly-SiC 
can be used as mechanical layers [14]. 
Conventional surface micromachining can also be applied to amorphous SiC films. 
Moreover, as these films can be deposited also on metal due to the lower deposition 
temperatures (<_400°C), surface micromachining using metal as sacrificial layer is 
possible as well. Deep Reactive Ion Etching (DRIE) or epi-micromachining [14] could 
also be employed for SiC MEMS. As SiC is grown on Si wafers and as plasma etching of 
both Si and SiC is possible in the same fluorine based chemistry, it should be possible to 
apply DRIE to the SiC/Si system as well . 
Application 
Optoelectronics and Sensors 
The wide bandgap of SiC is useful for realizing short wavelength blue and UV 
optoelectronics. SiC has proved to be much more efficient at absorbing short-wavelength 
light, which has enabled the realization of SiC UV-sensitive photodiodes that serve as 
excellent flame sensors in turbine-engine combustion monitoring and control [16]. 
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The wide bandgap of 6H-SiC is useful for realizing low photodiode dark currents, 
as well as sensors that are blind to undesired near-IR wavelengths produced by heat and 
solar radiation. Commercial SiC-based UV flame sensors, based on epitaxially grown, 
dry-etch, mesa-isolated 6H-SiC p-n junction diodes, have successfully reduced harmful 
pollution emissions from gas-fired ground-based turbines used in electrical power 
generation systems. 
RF Electronics 
The high breakdown voltage and high thermal conductivity coupled with high 
carrier saturation velocity allow SiC RF transistors to handle much higher power 
densities than their silicon or GaAs [17]. The higher thermal conductivity of SiC is also 
crucial in minimizing channel self-heating so that phonon scattering does not seriously 
degrade channel carrier velocity and current. Similar RF output power arguments can be 
made for SiC-based static induction transistors (SITs). 
In addition to high-power RF transistors, SiC mixer diodes show excellent 
promise for reducing undesired intermodulation interference in RF receivers [1~]. More 
than 20 dB dynamic range improvement has been demonstrated using non-optimized 
SiC Schottky diode mixers. Such dynamic range improvement could prove particularly 
beneficial to RF systems where numerous receivers and high power transmitters are 
closely located, such as on a commercial passenger aircraft or military surface ship. 
Temperature Sensors 
A poly-SiC thin-film thermistor on an alumina substrate was first reported in 
1990 [19]. The sensor was fabricated from rf-sputter-deposited SiC, using sintered SiC 
as a target. The substrate was maintained at a deposition temperature of 650°C. The 
device was tested at temperatures from 0 to 500°C.The results showed that the 
thermistor constant (B) increased linearly with temperature over the entire temperature 
range. Compared with conventional metal-oxide thermistors, the temperature coefficient 
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of resistance (TCR) for the SiC devices decreased more slowly with increasing 
temperature. Additionally, the sensor exhibited good thermal stability and a rapid 
thermal response with a resistance change of only 5% after a continuous test at 500°C 
for 1000 h. 
Gas Sensors 
A promising approach to detect incompletely burnt hydrocarbons in the engine 
exhaust utilizes solid-state sensors based on SiC. 6H-SiC is the dominant polytype for 
gas sensing. These sensors are based on simple Schottky diode and MOS structures. 6H-
SiC, having the highest crystal quality of al l the commercial ly available polytypes, 
provides the best surface for Schottky contacts and MOS devices. 
The first SiC-based gas sensors were 6H-SiC MOS structures [20-ZZ]. The sensor 
works on the principle that hydrogen atoms or hydrogen-containing radicals diffusing 
through the gate will collect at the metal-oxide interface and form a dipole layer, which 
lowers the flat band voltage of the MOS capacitor. Hydrogen sensors have been 
fabricated from Si MOS structures, were tested at temperatures as high as 800°C 
without failing. At 450°C, the sensors were able to detect the presence of saturated 
hydrocarbons such as methane, propane, ethane, and butane at concentrations below 
0.6% volume. Moreover, the sensors functioned in both vacuum and air at elevated 
temperatures. However, many hydrocarbons dissociate at temperatures between 350 
and 500°C, making SiC the semiconductor of choice for solid state MOS hydrocarbon gas 
sensors. 
Schottky diode-type 4H-SiC hydrogen and hydrocarbon gas sensors have also 
been developed [Z3]. The sensors were tested over a temperature range of 100-400°C 
in a hydrocarbon environment. At 400°C, the devices showed a sensitivity of 300 ppm 
to hydrogen and propylene. 
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Recently, AI/3C-SiC Schottky diodes with high breakdown voltages were 
fabricated. Though 3C-SiC films have a higher defect density, they are again better 
suited for batch fabrication because they can be grown on large-area Si substrates. 
Pressure Sensors 
6H-SiC-based pressure sensor exhibit afull-scale output of 40.66 mV at 1000 psi 
and 25°C, decreasing to 20.33 mV at 500°C, is reported [24].The device has a 
temperature coefficient of gauge factor of 0.19%/°C at 100°C and 0.11%/°C at 500°C. 
Despite the attractiveness of an "all-SiC" high-temperature pressure sensor, a key 
limitation of this approach, in addition to small wafer sizes and complex fabrication 
processes, is that the PEC etch process directionality is poor, making lateral dimensional 
control (e.g., diaphragm size) difficult. 
3C-SiC-based pressure sensors grown on silicon-on-insulator (SOI) substrates 
and Si bulk micromachining are used to produce dielectrically isolated 3C-SiC 
piezoresistors on a thick Si membrane [25]. The sensor was tested in the temperature 
range between 25-400°C and at pressures up to 500 KPa. The sensor showed a linear 
output voltage over the pressure range and a temperature coefficient of sensitivity of 
0.16%/°C at 400°C. 
Lateral Resonant Devices 
Lateral resonant devices are basic to surface micromachining and are used 
extensively as building blocks for a variety of sensor and actuator implementations. Si 
based lateral resonant devices, however, are not suitable for operation in high-
temperature environments. The first reported SiC-based surface-micromachined lateral 
resonant devices were fabricated using poly-SiC films deposited on polysilicon sacrificial 
layers [26]. This device was resonated at a frequency of 42.6 KHz using an actuation 
voltage of 110 V. 
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Comparisons of polysilicon devices with poly-SiC [27] shows that the, the 
resonant frequency of polysilicon devices was observed to decrease at temperatures 
above 350°C where as for poly-SiC devices, no detectable change in the resonant 
frequency was observed for temperatures below 500°C. The average rate of decrease in 
resonant frequency for the polysilicon devices between room temperature and 900°C 
was 1.11 Hz/°C. For temperatures above 350°C, this rate of decrease increased to 1.92 
Hz/°C. The average decrease in resonant frequency for the poly-SiC devices was 0.44 
Hz/°C over the entire temperature range and 1.14 Hz/°C for temperatures above 
500°C. Poly-SiC, which exhibits a smaller variation in Young's modulus with 
temperature, is reported as superior to polysilicon as a structural material for high-
temperature MEMS applications. 
Other Applications 
The unique properties of SiC_ also make it well suited for high-power, high-
frequency industrial equipment and home appliances that can handle unusually high 
voltages and powers, and can also respond faster and better to new toxic chemicals, 
explosives and biological agents. In electronics, SiC-based microprocessors are capable 
of eliminating the cooling fans, while SiC-based memory devices can prevent power-
failure problems and extend the battery life of portable PCs. In addition, SiC-based 
devices in electric vehicles have potential to increase their speed and distance range, 
facilitating their acceptance as a feasible alternative to IC engine vehicles. 
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Abstract 
A Ti:Sapphire (IR, 800 nm) femtosecond pulsed laser was used to deposit thin 
films (<1 mm) of polytetrafluoroethylene (PTFE) on single crystal silicon (1 0 0) wafers. 
Scanning electron microscopy, atomic force microscopy, X-ray diffraction, X-ray 
photoelectron spectroscopy and IR spectroscopy were used to characterize the structure, 
composition, and properties of PTFE films. Results showed that the femtosecond pulsed 
laser ablates the target cleanly and precisely compared to the traditional nanosecond 
pulsed (248-nm excimer) laser. The deposition rate was higher and the film quality 
(particulate density, stoichiometry, and smoothness) was superior to the excimer laser-
deposited films. The films exhibited crystalline structures with a chemical composition 
same as the bulk target. High quality ablation and deposition of PTFE by the high-
intensity femtosecond pulsed laser are attributed to the multiphoton absorption and high 
kinetic energy of species emitted from the target, implying that the femtosecond pulsed 
laser is a most promising tool for microfabrication of PTFE. 
Introduction 
In the field of laser microfabrication, nanosecond pulsed excimer and Q-switched 
Nd:YAG lasers are widely used for thin film deposition and micromachining of medical, 
MEMS, and microelectronic devices. The advantages of excimer lasers derive from their 
short wavelengths (UV region) that offer effective energy coupling for efficient ablation 
with minimal thermal damage, fine-resolution processing, and high photon energies for 
unzipping polymer bonds. However, such nanosecond-pulsed lasers have serious 
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drawbacks including (1) thermal degradation of the target and significant cluster 
formation in the plasma, both of which reduce the quality of thin films (adherence, 
particulate formation and loss of stoichiometry) and micromachined parts in terms of 
smoothness and tolerance, (2) low ablation or deposition rates, and (3) difficulty in 
ablating high heat conductivity and transparent materials. Recent developments in the 
femtosecond (fs) pulsed laser technology are capable of overcoming many of these 
problems. 
Femtosecond lasers emit light at very high intensities (up to 10 21 W/cm2) and 
short pulse widths (10-14 to 10-15 s). These lasers also exhibit better beam quality than 
excimer lasers. Femtosecond lasers challenge excimer lasers for high-quality thin film 
preparation and high precision micromachining. The unique characteristic of the 
femtosecond lasers is its pulse duration that makes it possible to achieve high spatial 
resolution and clean ablation. A comprehensive review article by Shirk and Molian [1] 
shows that microfabrication with femtosecond laser, despite its long 800-nm 
wavelength, is the most promising and reliable technique (Table 1). 
In this paper, we demonstrate the superiority of a femtosecond pulsed 
Ti:Sapphire laser (IR) over a nanosecond pulsed 248-nm excimer laser (UV) for thin film 
deposition of polytetrafluoroethylene (PTFE). A widely used material, frequently known 
as Teflon, PTFE has several attractive properties including low dielectric constant, 
excellent charge storage stability, low surface adhesion, high chemical resistance, 
electrical and thermal insulation, and self lubrication. We chose femtosecond laser 
ablation of PTFE for two reasons: (1) Teflon has bond energy of 406 and 520 kJ/mol 
corresponding to C-C bonds and C-F bonds, respectively. The currently used 248-nm 
excimer lasers do not process PTFE with high precision due to low energy absorption and 
difficulty in removing the viscous melt. (2) There exists a need for precise structuring 
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and high-quality thin films of PTFE for applications in microelectronic packaging, 
electrostatic devices, frying pans, biomedical devices, and mechanical assemblies. 
Laser Ablation of PTFE 
High-quality thin films of PTFE are crucial to the success of many applications 
ranging from lubrication to molecular electronics. For example, high-quality PTFE films 
are necessary for long-term charge storage media as applicable in electroacoustics and 
electret devices. The various techniques used for PTFE film fabrication include vacuum 
evaporation, sputtering, plasma polymerization, pulsed laser deposition (PLD), and 
synchrotron radiation deposition. The films prepared by sputtering and evaporation 
methods are usually deficient of fluorine atoms. In the plasma polymerization method, 
the impurity levels of the films are much higher. Among all the methods, PLD appears to 
be a most suitable technique [2-11) to produce well-adherent, pinhole-free, and nearly 
stoichiometric films for areas up to several square centimeters [4,5]. In addition, laser 
micromachining is particularly attractive for PTFE because it caters to the growing 
demands of medical and microelectronic devices. The traditional bulk and surface 
micromachining techniques based on wet and dry chemical etching were not effective for 
PTFE due to its excellent chemical stability. 
In laser ablation, a key issue is the matching of the wavelength of light with the 
material's absorption characteristics. In general, PTFE does not ablate well with the 
existing commercial lasers because its absorption edge is near 160 nm in the VUV 
region. Accordingly, some special lasers such as high-order VUV anti-stokes Raman laser 
and the fluorine laser producing pulses at 157 nm, are capable of ablating PTFE [9, 10]. 
Since VUV anti-stokes Raman laser is not commercially available and the fluorine laser 
requires vacuum beam delivery system (157 nm is strongly absorbed by oxygen and 
water vapor), new lasers are sought for microfabrication. Despite the poor absorption 
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characteristics, PTFE is still ablated and deposited by excimer lasers operating at 248 
and 308 nm [2-6, 11]. 
At femtosecond pulse duration, the absorption of laser light by PTFE is enhanced 
through the multiphoton absorption mechanism. In combination with the short thermal 
penetration depth of fs-pulsed radiation, precise holes and channels free from collateral 
thermal damage are generated. Fig. 1 is a scanning electron micrograph of a 500 mm 
motor machined into bulk PTFE sample using the direct writing technique with a 800 nm 
femtosecond pulsed laser. Direct-write machining eliminated the need for mask, either 
in contact or inserted in the beam pathway, to create the desired features. It may be 
noted that the rotors have clean edges with few debris. This type of pattern is generally 
difficult to obtain in PTFE by lithography and chemical etching as well as by the 248 nm 
excimer laser micromachining. 
Experimental Details 
Silicon wafers with (1 0 0) orientation, 250 mm thickness, and 25 mm diameter 
were obtained from International Wafer Services, Inc., NJ. The silicon substrate was 
sequentially cleaned with HF acid, deionized water, methanol and acetone, and then 
mounted inside a standard vacuum chamber. The target was a 25 mm2, polished Teflon 
sheet, received from Good Fellow Corporation, PA. The target was secured at a distance 
of 40 mm from the substrate. The chamber was evacuated to a base pressure of 10.6
Torr using aturbo-molecular pump and then filled with flowing argon at a pressure of 
0.5 mbar as suggested by Li et al. [4]. The substrate was heated to 300°C by a 
resistance heater. 
A femtosecond pulsed Ti:Sapphire laser (Spectra Physics, Model Hurricane) based 
on a chirped-pulse amplification (CPA) technique was used for the experiments. This CPA 
Ti:Sapphire system comprised of a pulse stretcher, a regenerative amplifier that is 
pumped by an Nd:YLF laser, and a compressor. The laser emits 120 fs pulses of linearly 
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polarized light with near Gaussian beam (MZ = 1:5) at a central wavelength of 800 nm 
{photon energy = 1:55 eV). The nominal beam diameter was 6 mm. In the experiments, 
the laser was operated in continuous-shot mode at a pulse frequency of 1 kHz. The 
beam was focused through a lens and incident at 45° to the target surface for a spot 
size of 50 mm. Pulse energies from 0.01 to 0.5 mJ were used. The ablation threshold 
was estimated at 2 J/cm~. For deposition, the pulse energy was set at 0.5 mJ (energy 
fluence = 25 J/cm2) to improve the growth rate of thin film. Both the target and the 
substrate were spun during the deposition process for uniform cratering of target and 
uniform deposition of thin film, respectively. Fol lowing deposition, the substrate was 
subjected to an in-situ annealing treatment of heating to 500~C for 10 min and then 
cooling at a rate of 5~C/min as recommended by Li et al. [4] to improve the morphology 
of the films. Two silicon substrates were deposited with PTFE for 15 and 45 min, 
respectively. Following laser deposition, the samples were characterized by atomic force 
microscopy and scanning electron microscopy for morphology, X-ray photoelectron 
spectroscopy and FT-IR spectroscopy for C-F species analysis, and X-ray diffraction for 
crystalline structure and molecular orientation. Results were compared with those 
obtained in the 248-nm excimer laser deposition of PTFE [1-5, 11]. 
Results and Discussion 
Fig. 2 shows a scanning electron micrograph (SEM) of the morphology of fs-laser 
deposited PTFE film deposited for 45 min. The film was continuous, strongly adherent, 
pinhole free, and stoichiometric. The color of the film was white, suggesting the absence 
of fluorine deficiency [12]. Films were also smooth due to the impact of high kinetic 
energy species emitted from the target and high substrate temperature. Stylus 
profilometry measurement revealed a film thickness in the range 700-900 nm. The 
deposition rate was averaged to 20 nm/min; such low deposition rate was partly 
attributed to the polished target used. However, it is higher than the 248/308 nm 
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excimer laser deposition of PTFE [2-5, 11]. For example, 308-nm excimer laser ablation 
of PTFE deposited the film at a rate of 8 nm/min [11]. 
An issue of concern in PLD is the formation of particulates. It was previously 
shown that excimer laser ablation generated particles with four basic types of 
morphology in which the size ranges from 20 nm to 10 mm [5]. SEM (Fig. 2) of fs-laser 
deposited film also shows particles but to a much smaller scale than observed in excimer 
laser deposition. Fig. 3 shows the AFM image of the fs-laser deposited film where the 
particles are about 0.1-2 mm diameter and <500 nm height. The section analysis of the 
film revealed that the surface roughness (arithmetic average) ranges from 14 to 20 nm. 
Such a fine surface smoothness is uncommon with the 248-nm excimer laser deposited 
films due to the violent plasma explosion and condensation of solidified droplets. 
The presence of mm-sized particles on the thin film is attributed to one or more 
of the following ejection mechanisms in the decreasing order of domination: sputtering, 
spallation due to superheating of the subsurface layers, the solid-liquid phase change, 
recoil pressure on the molten surface generated by the vaporized species, vapor 
condensation, and fragmentation of high molecular weight species. Particles of 0.1-2 
mm are attributed to hydrodynamic sputtering while the larger (4-10 mm) sized 
particles are due to spallation of material by the repeated laser pulses [5]. Reducing 
both the energy fluence and the wavelength could lead to improvements in the film 
quality in terms of particulate density. Hansen and Robitaille [13] reported an increase 
in particle concentration in the laser-deposited film when the laser fluence was raised 
significantly above the evaporation threshold. 
Fig. 4 is the XRD diffractogram of laser-deposited film, showing two peaks. The sharp 
peak at 28 = 18° corresponds to (1 0 0) while the diffused peak at 26 = 30° matches 
with (1 1 0) of powder PTFE. The XRD pattern of the film is identical to that shown for 
powder-pressed PTFE pellet [3] except for two differences: (1) the (1 1 0) peak is strong 
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and (2) the peaks at 2®= 35-43° for (2 0 1) and (2 0 4) are missing. The high intensity 
of (1 0 0) is an indicator of the preferential orientation of molecular chains parallel to the 
substrate surface [2, 4, 14]. The existence of (1 1 0) peak shows the presence of other 
orientations of the molecular chains within the film. 
The intensity of the peak and its sharpness imply the formation of highly 
crystalline structures. The crystallinity of the PTFE film is generally dependent on the 
substrate temperature. Highly crystalline regions along with amorphous structures were 
obtained in excimer laser deposition when the substrate temperature (TS) was 320°C 
[2]. Norton et al. [3] observed that the films were amorphous if TS is less than 200°C. 
Jiang et al. [14] showed that the films are highly ordered with maximum fraction of 
crystalline material when the substrate temperature was close to the melting 
temperature of the polymer. Heitz et al. [5] agreed that the PTFE films deposited by PLD 
are highly crystalline if the substrate is heated to high temperatures. The improvement 
in crystallinity of the films deposited at high substrate temperature is due to sufficient 
molecular mobility that in turn allows orientation of the molecular chains into a 
crystalline conformation. 
Fig. 5 shows the wide-scan data of X-ray photoelectron spectra (XPS) of PTFE 
target and thin film obtained using Mg Ka X-rays (1253 eV). The chemical composition 
of the deposited film is identical to those of PTFE target. Fig. 6 shows the narrow-scan 
spectra of F1s at 695-685 eV, C1s at 300-285 eV and O1s at 540-525 eV. The surface 
of deposited films is composed of F and C atoms. The F:C ratios for the bulk and the thin 
film were calculated from the ratios of the intensities of F1s and Cls peaks of the 
spectra. The bulk and thin film exhibited a F:C ratio of 1.1 and 1.2, respectively. The F:C 
ratio is a measure of the film stoichiometry. In the 248-nm excimer laser deposited film, 
the Cis region the ablated PTFE film exhibited a F:C ratio of 2 [2], suggesting that a 
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carbon atom is attached to two fluorine atoms. In the 308-nm excimer laser deposited 
film, the F:C ratio was 0.01 indicating that the films were fluorine-deficient [11]. 
Fig. 7 shows the FT-IR transmission spectrum of the femtosecond pulse laser 
deposited PTFE film. The gradual decrease in transmittance from 1250 to 4000 cm-1 is 
attributed to the non-uniform thickness of the film. Four characteristic bands are seen 
with peaks at 1250, 1195, 1143 and 617 cm-1. All peaks are identified using the 
information presented in Table 2, which is a summary of the peaks and their 
assignments for a solid PTFE. The peak at 1250 cm-1 corresponds to CF3 stretching that 
is not as intense as the other two neighboring peaks. The CFz asymmetrical and 
symmetrical stretching bands at 1195 and 1143 cm-1, respectively, confirms that the 
deposited film is exclusively PTFE. There is no absorption band from 620 to 1140 cm-~, 
indicating that the film has a high degree of crystallinity [5). The absence of CF2
deformation band at 620-640 cm-1 suggests the possibility of cross-linking or 
alternatively well-oriented film with main chains perpendicular to the substrate surface 
[11, 14]. 
PTFE is a difficult material to ablate with the single-photon absorption mechanism 
of nanosecond-pulsed lasers. In contrast, the multi-photon absorption mechanism of 
femtosecond pulsed laser facilitates rapid depolymerization and ejection of molecular 
fragments. Smaller molecular fragments are produced due to the strong energy 
absorption in a very thin layer of the target surface and reduced thermal component of 
the target leading to a much higher degree of atomization and ionization. These smaller 
molecular fragments upon reaching the substrate surface melt and recrystallize, forming 
a smooth thin film. 
It is interesting to compare the results of present work with the ablation results 
of Teflon by the 157 nm fluorine laser because laser microprocessing has often been 
studied at two contrasting forefronts—extremely short wavelength lasers and ultrafast 
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lasers for applications in photonics, electronics, and MEMS. Unlike other excimer lasers, 
the vacuum-UV 157 nm fluorine laser offers improved energy absorption by the 
materials, nano-scale surface structuring (N100 nm), precise etch-depth control (<25 
nm), and fine resolution for microfabrication applications. Analogous to 800 nm 
femtosecond pulsed laser, the 157-nm nanosecond pulsed laser produced clean etching 
of Teflon (well-defined walls and smooth surfaces) [15]. An array of holes produced with 
the 157 nm lasers in 0.52 mm thick Teflon at 1.4 J/cmZ indicated sharp edges, minimum 
tapers and good wall surfaces [16]. The ability of the 157 nm lasers is primarily 
attributed to the strong absorption of the high quantum energy of 7.9 eV due to the 
absence of chromopores with TT-electronic conjugated system. However, the threshold 
energy fluence for femtosecond laser (2 J/cmZ, present study) was much higher than 
that of the 157 nm nanosecond laser (0.06 J/cmZ [15]), suggesting that the wavelength 
has a greater effect than the pulse width on the absorption coefficient. Threshold fluence 
decreases rapidly with lower wavelengths because of higher absorption [17]. 
Investigation of the ablation behavior of Teflon at 157 nm fluorine laser indicated that 
effective materials processing starts at 300 mJ/cmZ with etch rates of 300 nm per pulse 
[18]. 
Similar to the femtosecond pulsed laser, the 157-nm laser ablation of Teflon 
yielded crystalline films with the composition of the deposited films same as the source 
material [19]. However, the surface morphology of films deposited at room temperature 
contained numerous fibrous structures in size of 100-400 nm, which was not the case 
with the femtosecond pulsed laser ablation. 
Congruent evaporation of PTFE is much less likely to occur in 248 nm excimer 
laser ablation because the pulse energy is absorbed to a few micrometers, a depth 
considered large enough to reduce the chances for congruent evaporation. In contrast, 
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femtosecond pulse energy is absorbed in the near vicinity of the target surface, leading 
to enhanced energy coupling and subsequent congruent evaporation. 
Femtosecond pulsed laser deposition of PTFE differs from that of the 248 nm 
excimer laser in terms of precise spatial control of ablation, reduced collateral thermal 
damage, and absence of hydrodynamic motion of the matter under laser irradiation (i.e. 
no interaction of the beam with the plasma plume). Such differences lead to improved 
film quality as well as the deposition rate. With excimer lasers, melting of the target 
surface and rapid propagation of the liquid/solid interface into the bulk takes place. Due 
to the growth of large surface corrugations generated by repeated melting and 
solidification sequences, the coupling of optical energy to the target surface degrades as 
ablation of the target proceeds. In contrast, the femtosecond pulsed laser by virtue of its 
high intensity transforms the material in the interaction volume to the vapor phase with 
high kinetic energy, resulting in a clean ablation process. 
The 248 nm excimer laser ablation and subsequent film deposition is essentially a 
laser-induced pyrolysis and subsequent repolymerization [2, 4]. The similarities between 
the mass distribution of species in the ablation plume and those observed in the 
pyrolytic decomposition of PTFE suggest that ablation of PTFE is a thermally driven 
mechanism [2]. In contrast, the thermal component of the femtosecond laser ablation is 
much smaller. 
Conclusions 
Femtosecond pulsed laser deposition of polished PTFE target produced thin films 
that are continuous, smooth, defect-free and strongly adherent. Ultra-short pulses 
affected extreme thin layer, converting it into vapor without compositional variation or 
segregation. The improved congruent ablation, deposition rate, and film quality of 
femtosecond laser deposited films (when compared with nanosecond lasers) are 
associated with multiphoton absorption mechanism, increased kinetic energy of species, 
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and absence of interaction of the beam with the plasma plume. Thus, the femtosecond 
laser is a superior processing tool for micromachining and thin film deposition of PTFE. 
Our results are also supported by the previous work on clean UV etching of Teflon by 
inducing two-photon absorption with 500 fs pulses of a UV-femtosecond KrF laser [9]. 
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Figure 7 IR spectrum of fs-laser deposited PTFE film. 
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Table 1 Comparison of nanosecond and femtosecond pulsed laser ablations 
Characteristic Nanosecond pulsed 
excimer laser ablation 
Femtosecond pulsed 
Ti:Sapphire laser 
ablation 
Laser-material interaction Single-photon absorption Multi-photon absorption 
Energy absorption depth Few tens of nanometers Near vicinity of the target 
Congruent evaporation Less More 
Energy of plasma species Low High 
Deposition rate Low High 
Target degradation High Low 
Particulate density High Low 
Thermal diffusion effects More Less 
Table 2 Infrared spectroscopy data of C-F species 
Wave number (cm-1) Assigned molecule and vibration 
mode 
1240 CF3 stretching 
1200 CFZ asymmetrical stretch 
1141 CFZ symmetrical stretch 
730-760 Amorphous PTFE 
620-640 CFZ wagging 
553 CFZ bending 
505 CFZ rocking 
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Figure 2 Scanning electron micrograph showing the morphology of fs-laser 
deposited PTFE film 
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Figure 3 Atomic force microscope images showing the morphology of fs-laser 
deposited PTFE film 
Figure 4 X-ray diffraction of fs-laser deposited PTFE film showing strong peaks at (1 
0 0) and (1 1 0) orientations 
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(a) 
(b) 
Figure 5 X-ray photoelectron spectra of (a) fs-laser deposited PTFE film, (b) PTFE 
target (Mg standard, 200 W, 458, 187.85 eV, 1.83 min) 
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Figure 6 X-ray photoelectron spectra of PTFE target and thin film in specific 
regions (Mg standard, 200 W, 458, 29.35 eV, 5.19 min) 
Figure 7 IR spectrum of fs-laser deposited PTFE film 
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Chapter 4 Ultra-short Pulsed Laser Deposition and Patterning of SiC 
Thin Films for MEMS Fabrication 
A paper accepted for publication in "Materials Science in Semiconductors", October 2005 
Monica Vendan, Pal Molian, Ashraf Bastawros and James Anderegg 
Abstract 
A Ti:Sapphire (IR 800-nm) femtosecond (fs) pulsed laser was used to ablate a 
sputtering grade of silicon carbide (SiC) in an ultra-high vacuum chamber. The laser-
induced plasma species were then driven and grown to form 3C-SiC films of about one 
micrometer thick on single crystal silicon wafers at 20°C (room temperature) and 500°C. 
Scanning electron microscopy, atomic force microscopy, X-ray photoelectron 
microscopy, X-ray diffraction and nanoindentation were used to characterize the 
structure, composition, thickness and properties of the SiC films. Results of the 
femtosecond-pulse laser deposited (fs-PLD) films were compared with those obtained by 
atmospheric pressure chemical vapor deposition (APCVD) and nanosecond-pulse laser 
(excimer laser at 248-nm) deposition (ns-PLD). The distinctive features of fs-PLD films 
are their extremely smooth surfaces, stochiometry, amorphous structure and low defect 
density compared to APCVD films, along with better film quality and higher growth rates 
than ns-PLD films. In addition to film growth studies, a SiC microgripper (to grab 20-pm 
sized objects) was micromachined by use of the femtosecond pulsed laser to 
demonstrate the utility of ultra-short pulsed laser deposition in SiC-device fabrication. 
Introduction 
The growth of high quality thin films is the basis on which electronic and micro- 
electro-mechanical systems (MEMS) devices have been successfully designed and 
fabricated. One of the most sought-after thin films for use in MEMS devices is silicon 
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carbide (SiC). The most attractive properties of SiC over Si are large bandgap, high 
hardness, high stiffness, chemical inertness, high thermal conductivity, high breakdown 
electric field, high wear resistance, and mechanical and electrical stability at high 
temperatures [1, 2]. Some applications of SiC include, but are not limited to, high-
temperature (>600°C) MEMS sensors (pressure, temperature, gas and optical), 
actuators [3], microprocessors and memory devices. 
A variety of techniques are used to grow single and polycrystalline forms of SiC 
thin films, including atmospheric pressure CVD (APCVD), sputtering, metal-organic 
CVD, atomic layer epitaxy, molecular beam epitaxy, and pulsed laser deposition (PLD). 
Each technique has its own merits and limitations. Several groups have published results 
of pressure sensors fabricated by use of SiC thin films [4-9]. Two deposition techniques 
are particularly important to the semiconductor industry. 
One technique is CVD, a relatively old yet powerful method for producing 
crystalline SiC by thermal decomposition and chemical reaction of gaseous precursor 
compounds. It involves convective heat and mass transfer as well as diffusion, with 
which chemical reactions occur at the substrate surface. Thin films of desired 
composition with smooth surfaces and excellent adhesion were obtained by this method 
[10-12]. The major drawbacks of CVD are the need for high temperature and the 
contamination of films. 
The second technique is pulsed laser deposition (PLD), an emerging modern 
process with vast potential for the growth of high-quality SiC thin films. It is a highly 
non-equilibrium process that allows stochiometric transfer of multi-component materials 
from the target to the substrate for applications in microelectronics, hard coatings, and 
MEMS [13-17]. PLD systems are simple and relatively inexpensive and require much 
lower substrate temperatures than CVD. PLD is also a high vacuum process and 
therefore contamination is almost non-existent [18]. PLD is established as a 
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commercially successful method of producing superconductor oxides such as YBa2Cu3O~ 
because of its unique capability to reproduce faithfully the composition of the target [19, 
20]. Because of the rapid heating and cooling effects associated with PLD, the geometry 
of grains, grain size and orientation, and coating thickness can be well controlled. 
In this study, we have focused on the CVD and PLD processes, to deposit SiC thin 
films on single-crystal Si wafers and have compared their structure and properties. In 
particular, the beneficial effect of ultra-short pulses in PLD is presented. In addition, 
ultra-short pulse laser micromachining of SiC thin films to form a microactuator was 
demonstrated. 
Experimental Details 
Femtosecond Pulsed Laser Deposition 
Silicon n-type wafers with (100) orientation, 250 pm thick and 25 mm in 
diameter were obtained from International Wafer Services Inc., NJ. The silicon 
substrates were cleaned in an ultrasonic bath with toluene, acetone and methanol in that 
order. The substrates were then dipped into distilled H2O for 30 seconds and then into 
HF solution (49%) for one minute to remove the native oxide as well as to passivate the 
surface. SiC (sputtering target, of 99.65% SiC, 0.088% Fe, 0.087% B, 0.062% Mg, 
0.056% 02 ,0.044% AI and with traces of Ti and Ni) of 2.54 cm diameter, received from 
Kurt J. Lesker Company, PA, was used as the target. 
Figure 1 shows a schematic and a photograph of the PLD setup, which consists of 
an ultra-high vacuum chamber (10-' torr), a mounting fixture for the target, and a 
multi-axis motion system for translating target and substrate, and a resistive heating 
device for substrate to increase the temperatures up to 700°C. The silicon substrate and 
SiC target were mounted facing each other at a distance of 6.25 cm inside this vacuum 
chamber. Aturbo-molecular pump was used to evacuate the chamber to a base pressure 
of 5x10-' torr. Controlling the vacuum chamber quality to 10-' torr or better during PLD 
49 
is essential to prevent oxide buildup at the interfaces; otherwise, the interfaces would 
become incoherent and would not permit epitaxial growth. The laser beam was fired at 
45° to the target. An expanding plasma plume of vaporized material (atoms, ions, 
neutrals, clusters, molten droplets, and particulates) was emitted from the target 
surface and subsequently deposited on the substrate. Several factors such as laser 
fluence, wavelength, pulse duration, repetition rate, target-to-substrate distance, 
substrate temperature, background gas and pressure influence the film growth [21]. 
A femtosecond pulsed Ti:Sapphire laser system (Spectra Physics, Model 
Hurricane) based on Chirped Pulse Amplification (CPA) technique [22] that emits 120-fs 
pulses of a linearly polarized Gaussian beam at a central wavelength of 800 nm was 
employed as the source of irradiation. The nominal beam diameter was 6 mm. In the 
experiments, the laser was operated in continuous shot mode at a pulse frequency of 1 
kHz. The beam was focused through a lens to the target surface for a spot size of 150 
pm. Both the target and the substrate were spun during the deposition process in order 
to obtain uniform cratering of the target and uniform deposition of thin films. For 
deposition, the pulse energy was set at 0.3 m) with energy fluence 1.7 J/cm2. The 
deposition time was set at one hour. Two substrate temperatures were used: room 
temperature (20°C) and 500°C. For each temperature, a total of three samples were 
prepared to ensure repeatability. 
Atmospheric Pressure Chemical Vapor Deposition 
An atmospheric pressure chemical vapor deposition (APCVD) system was used to 
grow 2 pm thick SiC films on 4-inch diameter (100) silicon substrates in a cold-wall, 
vertical-geometry, RF induction-heated, APCVD reactor. Prior to deposition, the reaction 
chamber was pumped down to a pressure of 200 mtorr and then backfi l led with ultra-
high purity argon to 760 torr to remove oxide impurities. Ultra-high purity hydrogen 
(carrier gas), propane (15% hydrogen) and si lane (5% hydrogen) were then introduced 
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into the chamber. The chemical reaction took place at 1360°C. Athree-step deposition 
process was used, beginning with an in-situ hydrogen etch of oxides and contaminants, 
followed by the formation of a carbonized layer on the substrate surface, and ending 
with film growth. The film growth rate was about one micrometer per hour. Details of 
this technique are described elsewhere [12, 23]. 
Characterization 
Following femtosecond pulsed laser and chemical vapor depositions, the samples 
were examined in a variety of instruments. Results were compared to those obtained in 
the nanosecond pulsed laser deposition of SiC, as reported in the literature [24-29]. A 
JEOL JSM-840A scanning electron microscope (SEM) operated at 10 kV was used to 
study the morphology and microstructure. XRD patterns of thin films were collected 
using Cu Ka radiation with a Scintag x-ray diffractometer. An atomic force microscope 
(AFM, Dimension 3100, Digital Instruments, Inc.) was used to examine surface 
topography and roughness. A profilometer was used to measure the thickness. X-ray 
photoelectron spectroscopy (PHIT"" Physical Electronics 5500 Multitechnique ESCA 
system) was used to obtain the compositional information. 
Nanoindentation testing with a Berkovich diamond indenter (a three-sided 
pyramid with an area-to-depth function the same as that of a Vicker's indenter) was 
used to measure the hardness and elastic modulus. The load was gradually increased to 
a pre-set maximum value such that both elastic and plastic deformation occurred in the 
film. The load was then released, causing partial or complete relaxation. The unloading 
was dominated by elastic displacements. Several measurements with different 
penetration depths were performed at the center and at the edge of the samples 
containing thin films. 
Nanohardness and modulus were obtained from the load-displacement curves 
based on the Oliver-Pharr method [30]. First, the contact stiffness S and the contact 
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depth h~ were determined from load-displacement curves. Second, the hardness H and 
the modulus E were calculated from the following equations: 
~„~ _ Pmax and 
1 -vi + 1-v2 ~ S 
A~ E i E 2 .JAS
where A~ is the projected contact area obtained from the contact depth, E; and v; is the 
modulus and Poisson's ratio of the indenter respectively, E and v is the modulus and 
Poisson ratio of the thin film. 
Patterning for Device Fabrication 
In order to demonstrate the capability of the femtosecond laser's ability to 
micromachine SiC, the CVD-deposited thin films were patterned in the form of a 
microgripper using a reflective objective lens that is capable of focusing the beam to a 
spot size of 3 pm and adirect-writing method. The pulse energy was set at 5 pJ so that 
only thin-film machining could be achieved. The design of a microgripper with a total 
area of 1.2 mm x 0.35 mm was facilitated using slumped-beam force model [31]. 
Results and Discussion 
Figure 2 shows scanning electron micrographs of fs-laser deposited (a, b) and 
CVD grown SiC (c) films on Si-substrate. The fs-laser films are continuous, smooth and 
free of pores and cracks. However, they exhibit particulates of about 0.5 to 2 Nm in 
diameter. The density was three times higher for the films deposited at 500°C 
(N3x10'/cm~) than for those deposited at 20°C (N1x10~/cm2). The physical mechanisms 
contributing to particulate formation are splashing of the molten surface layer caused by 
surface boiling, expulsion of the liquid layer by shock wave recoil pressure, and 
exfoliation. In the present case, the low density and oxide impurities in the target are 
the primary causes of the formation of particulates. It has been reported that increasing 
the density and surface smoothness of the target can minimize the formation of 
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particulates [32]. It should be noted tat the presence of particulates will greatly affect 
the growth of the subsequent layers as well as the electrical properties of the film. 
The particulate density obtained in the present case (fs-PLD) was much lower 
than those generated by nanosecond-pulsed excimer laser ablation of SiC [25]. This 
finding concurs with many other material systems such as ZnO, SnOz, TiN, BN and Si 
thin films [33-41] where it was concluded that films deposited by the femtosecond 
pulsed lasers are superior to those deposited by the nanosecond pulsed lasers. With 
long pulses such as nanoseconds, explosive ejection of liquid droplets from the target 
occurs because of superheating of the subsurface layers, solid-liquid phase change, 
thermal expansion of the material, and surface degradation. 
In the case of femtosecond pulses, the pulse duration is shorter than the 
electron-phonon coupling time. The absorption depth therefore becomes greater than 
the heat diffusion length, which reduces thermal effects. The combination of multiphoton 
absorption and reductions of the thermal component of the target leads to a much 
higher degree of both atomization and ionization, minimizing the production of 
particulates. In contrast to PLD, CVD-grown SiC films did not exhibit any particulates 
(Figure 2c); however, a high degree of pinhole porosity was observed. In addition, the 
microstructure of CVD films consists of columnar grains, in contrast to PLD films where 
the grain structure was not evident. 
The average thickness of the fs-PLD deposited films was 600 nm and 1 pm at 
20°C and 500°C respectively. These deposition rates are much higher than those that 
could be obtained with the 248 nm KrF excimer laser depositions (with a laser fluence of 
2.5 J/cm2 at room temperature) [24] and are comparable to those obtained by the CVD 
method. In fs-PLD, the pulses greatly modify the thermal processes in ablation because 
of three reasons: the coupling of a large optical field with the solid target, electron-
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electron thermalization and electron-phonon coupling. As a result, these short pulses 
heat the electrons to very high temperatures, transfer energy weakly to the ions and the 
lattice, reduce the amount of energy lost to plasma, increase the thermal gradients in 
the target and increase the vaporization over melting of the target [42-44], all of which 
increase the ablation rate and subsequently the deposition rate. 
Figure 3 shows the AFM images of the fs-PLD (500°C substrate) and CVD films. 
The morphology of the CVD film due to the "step coverage" mechanism was markedly 
different from the uniform, atomic scale growth of the fs-PLD film. However, the surface 
roughness was approximately the same for both films. The surface roughness of the fs-
PLD films deposited at 20°C is also about same as the one at 500°C. However, the 
surface roughness of ns-PLD grown SiC film was much higher [27] than that of the fs-
PLD films because in the former case, the film was composed of large particulates and 
solidified droplets. 
Figure 4 shows the X-ray photoelectron spectra (XPS) of the target. There are 
three peaks, corresponding to the binding energies of Si, C, and O. XPS spectra of 
targets after several etches exhibited the same peaks, implying that the target contains 
a significant amount of oxygen impurity. Figure 5, which shows the XPS spectra of fs-
PLD film deposited at 500°C substrate temperature, is almost a replica of Figure 4. The 
chemical composition of the films is identical to that of SiC target. The deposited films 
are composed of C1s at 286-289 eV, Si2p at 102-106 eV, and Ois at 534-538 eV, which 
is comparable to the CVD SiC, which is Cis at 283 eV and Si2p at 100 eV. Similar XPS 
data were obtained for the fs-PLD film deposited at 20°C substrate in this study as well 
as for the ns-PLD films elsewhere [26]. The resemblance of XPS spectra with regard to 
both fs-PLD and ns-PLD films suggests that the pulse duration has no influence on the 
chemical bonding states of different constituents in the films. These results further 
confirm that the films are stoichometric, as is generally expected because the laser 
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pulses enable fast, non-equilibrium evaporation of different elements simultaneously 
(even though the constituents have different vapor pressures) and reproduce faithfully 
the stochiometry (congruent ablation). Stoichiometry transfer between the target and 
the thin film is easily achievable using PLD but is more difficult with evaporation or 
magnetron sputtering because of the differences in partial pressures and yields of Si and 
C. In fs-PLD, the fast and strong heating (due to high laser fluence) of the target 
surface by the intense laser beam (>5000 K and 1012 K/s) ensures that both Si and C, 
irrespective of their partial binding energies, evaporate at the same time. The formation 
of Knudsen layer and its heating by an Inverse Bremsstrahlung effect generate ahigh-
temperature plasma, which then adiabatically expands, transferring the concentration of 
the plasma plume toward the substrate surface. Figure 6 shows the XPS spectra of CVD 
thin films that consist of C is at 283 eV, Si 2p at 100eV and scattered O is with no 
peaks, indicating less oxygen impurity.. 
Figure 7 shows the X-ray diffraction patterns of fs-PLD (500°C) and CVD 
deposited SiC films. The XRD pattern obtained for the PLD film deposited at 20°C was 
the same as the one at 500°C. Aside from the Si (400) reflection centered at 28 N  68°, 
the XRD pattern for fs-PLD film exhibits no diffraction features (Figure 7a); this is 
indicative of an amorphous or nearly amorphous film structure. Another possibility is 
that the film has a nanocrystalline structure with extremely fine grain size that cannot 
be detected by XRD 8-28 scans. TEM-based structural investigations would be needed to 
further explore this issue. Previous studies on ns-PLD support the data that the films 
grown at substrate temperatures less than 700°C would not exhibit crystalline structure 
[25-27]. At low substrate temperatures, owing to limited surface mobility, the adatoms 
(vapor atoms) do not find positions of energy minima as they are constrained by 
subsequently deposited atoms. Therefore these atoms are "quenched" onto the 
substrate surface, forming non-equilibrium film structures. The energetic particle 
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impingement also causes supersaturation and sputtering, resulting in a disorderly 
rearrangement of atoms. 
In contrast to fs-PLD, the XRD pattern of CVD film (Figure 7b) shows four sharp 
diffraction peaks originating from the film, indicating that the film has been rendered 
fully crystalline. These peaks are centered at 2A positions of 35.6°, 41.4°, 60.1° and 
69.5° corresponding to (111), (200) (220), and (311), suggesting the polycrystalline SiC 
structure; obviously, a strong (200) crystallographic texture has developed, suggesting 
the epitaxial growth of 3C-SiC film. 
Nanoindentation testing is critical to the understanding of mechanical properties 
of thin films. The nanoindentation test is strongly affected by the surface roughness of 
the film. In general, very smooth surfaces are required to obtain reliable contact 
stresses at small depths of indentation. Nanoindentation of thin films is also dependent 
on the penetration depth due to the underlying substrate effects and hence study of 
indentations with contact depths of less than 10-20% of the film thickness is 
recommended to ensure the intrinsic properties of the film. Figure 8 shows the 
nanoindentation hardness of SiC thin films obtained in fs-PLD and CVD. The hardness 
decreased with increasing penetration depth, as is typical for behavior of a hard film on 
a soft substrate. If the ~ film is harder than the substrate, then most of the plastic 
deformation occurs in the soft substrate, leading to a "sink-in" effect even though the 
indenter is not yet through the film. The maximum hardness was about 10 GPa for the 
film grown at 20°C and increased to approximately 20 GPa for the film deposited at 
500°C. These hardness values are lower than the values for the crystalline 3C-SiC. 
However, ns-PLD of SiC films, deposited at higher substrate temperatures, exhibited 
hardness in the range 22 to 36 GPa [27]. In contrast, the CVD-film exhibited much 
higher hardness (a maximum of nearly 45 GPa). The differences in hardness are 
primarily attributable to the type of structure, amorphous or crystalline, and to the 
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degree of Si-C covalent bonding. The variation of hardness with depth of indentation for 
PLD and CVD films are quite the opposite, possibly due to the presence of impurities on 
the surface in CVD film. Figure 9 shows the nanoindentation modulus of SiC thin films 
obtained in fs-PLD and CVD. The trends are similar to those of hardness. The elastic 
modulus had increased from 60 GPa to 100 GPa as the substrate temperature was 
increased from 20°C to 500°C. In the case of CVD film, the elastic modulus reached a 
maximum of 125 GPa, implying that crystalline SiC is more rigid than amorphous SiC. 
These modulus values are quite low compared to those of the bulk crystalline SiC, 
because of the presence of oxygen as an impurity and the differences between 
nanoindentation and macro-bending tests. 
Figure 10 shows a SEM micrograph of a patterned microgripper in a CVD SiC thin 
film. The direct-writing mode of fs-laser was used to micromachine this pattern. Because 
the devices must be made of crystalline structures, CVD deposited films were used for 
micromachining. The microgripper, designed to grip 20-pm sized objects, consists of 
three parts: 1) cantilever 2) comb driver and 3) gripper. One must note that very little 
collateral thermal damage has occurred in fs-laser micromachining. Work is currently 
under way to chemically etch the underlying silicon substrate by use of a KOH solution 
and then release the thin-film structure for device implementation. Chemical etching will 
also dissolve the debris left in the laser-machined paths, providing a clean profile. This 
example illustrates that surface micromachining is achievable for SiC films that are 
grown directly on single-crystal silicon. 
Researchers at Case Western Reserve University [45] have reported that such a 
process is not possible in traditional chemical etching unless poly-SiC is grown on an 
appropriate sacrificial layer. They have fabricated free-standing lateral resonant 
structures with lateral dimensions as large as 500 {gym from poly-SiC grown on SiO2i 
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using a single mask surface micromachining process and using reactive ion etching to 
pattern the poly-SiC films. 
Conclusions 
In this work, the use of femtosecond pulsed laser deposition and micromachining 
in the fabrication of SiC films was investigated for the following reasons: 1) PLD is one of 
the dominant physical vapor deposition methods for depositing multicomponent thin 
films, with good capability of accurately preserving the target stoichiometry in the film 
because of congruent ablation induced by high-intensity laser irradiation of the target; 
2) SiC is a difficult material to use in deposition and fabrication because of its thermal, 
chemical and mechanical stability; and 3) SiC is an excellent high temperature, harsh 
environment semiconductor with vast potential for MEMS devices. The principal 
conclusions from this study are as follow: 
1. Femtosecond PLD has the capability to grow high-quality SiC thin films with 
reference to stochiometry, fewer particulates, smooth surfaces, higher deposition 
rates than nanosecond PLD. 
2. Because of the lower substrate temperatures used, femtosecond PLD deposited 
amorphous-structured SiC films with a lower hardness than CVD-crystalline SiC. 
3. Femtosecond pulsed laser is an excellent tool for patterning SiC films for device 
fabrication. 
The key problems confronted in this study were finding ahigh-purity, dense 
target and the difficulty of growing crystalline SiC films in PLD at substrate temperatures 
under 500°C. 
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Figure Captions 
Figure 1 (a) Schematic of pulsed laser deposition; (b) A photograph of vacuum 
chamber used in pulsed laser deposition. The target was oriented at 45 
degrees to the axis of laser beam 
Figure 2 Scanning electron micrograph of the morphology of SiC film deposited on 
Si by a) fs-PLD at room temperature; b) fs-PLD at 500°C substrate 
temperature; and c) CVD at 1360°C 
Figure 3 Atomic force microscope images of the morphology and roughness of SiC 
films deposited by: a) fs-PLD at 500°C substrate temperature, and b) 
CVD at 1360°C 
Figure 4 X-ray photoelectron spectra of the sputtering SiC target 
Figure 5 X-ray photoelectron spectra of the SiC film deposited at 500°C by fs-PLD 
Figure 6 X-ray photoelectron spectra of the SiC film deposited by CVD 
Figure 7 X-ray diffraction patterns of SiC thin films: a) fs-PLD SiC at 500°C; and 
b) CVD 
Figure 8 IVanoindentation hardness plots of SiC thin films a) fs-PLD at room 
temperature; b) fs-PLD at 500°C; and c) CVD 
Figure 9 Nanoindentation Young's modulus plots of SiC thin films a) fs-PLD at 
room temperature; b) fs-PLD at 500°C; and c) CVD 
Figure 10 Microfabrication of a gripper: a) patterning by the fs-laser; b) comb drive 
before chemical etching; and c) comb drive after chemical etching 
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Figure 1 (a) Schematic of pulsed laser deposition; (b) A photograph of vacuum 
chamber used in pulsed laser deposition. The target was oriented at 45 degrees to 
the axis of laser beam 
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(b) 
Figure 2 Scanning electron micrograph of the morphology of SiC film deposited on Si by 
a) fs-PLD at room temperature; b) fs-PLD at 500°C substrate temperature; and c) CVD 
at 1360°C 
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Figure 10 Microfabrication of a gripper: a) patterning by the fs-laser; b) comb 
drive before chemical etching 
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Chapter ~ Femtosecond Pulsed Laser Microfabrication of SiC MEMS 
Microgripper 
A technical note submitted to Journal of Laser Applications, May 2006 
Monica Vendan and Pal Molian 
Abstract 
We report the capability of an ultrafast laser to pattern an electrostatic-comb-
drive microgripper in the conventionally difficult-to-fabricate 3C-SiC thin films. A 
microgripper with overall dimensions 1.2 mm x 0.35 mm and a gap of 20 µm was 
designed and fabricated for the purpose of grasping and transporting microscale objects 
in hostile and harsh environments. Atmospheric pressure chemical vapor deposition was 
used to deposit thin films (2 µm) of 3C-SiC on a <100> silicon substrate. A Ti:sapphire 
laser with 120 fs pulse width, 800 nm wavelength and 1 kHz repetition rate was then 
used to perform "non-thermal" micromachining of thin films. Subsequent KOH 
anisotropic etching was used to dissolve the silicon substrate and release the gripper 
structures. The influence of laser pulse energy on the etch rate and quality of 
microfabricated grippers was examined and illustrated. 
Introduction 
.Microgrippers, a class of the actuators produced by MEMS technology, are 
capable of grasping and transporting both rigid and flexible micro- and nanoscale 
objects. Microgrippers exhibit several designs based on the principles of electrostatic 
forces, electro-thermal forces, piezoelectricity, bimetallic expansion and shape memory 
actuation [1-4]. Most commonly, actuation of grippers is facilitated by electrostatic 
attraction (comb drives) or by electro-thermal expansion of parts that involves resistive 
heating (valve opening and closing in micropumps). Microgrippers are used to 
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manipulate and assemble micromechanical parts such as microgears and handle soft and 
fragile samples for testing and characterization. Zyvex Corporation has patented several 
electro-thermal microgripper systems in micromachined silicon structures for 
manipulating microcomponents with features in the range 1 pm to 500 pm. For grabbing 
and moving nanoscale objects, nanotweezers have been developed. Despite strong 
adhesive forces associated with the motion of objects in nanometer length scales, atomic 
force microscope-based tweezers have been successfully implemented to manipulate 
biological cells and bacteria [5]. 
Silicon micromachining was widely reported for fabricating most of the 
microgrippers. For example, Kim et a/ designed and fabricated a polysilicon 
electrostatic-comb-drive microgripper using surface micromachining on a silicon wafer 
[6]. Their work resulted in flexible cantilever comb-drive arms with a bidirectional 
actuation scheme and over-range protectors. Similarly Kolesar et al fabricated 
polysilicon electro-thermal microactuators by surface micromachining to realize a 
microengine [7]. Alternative microtechnologies such as LIGA or laser cutting are also 
used to create metallic microgrippers. However, all these grippers are not suitable for 
use in handling of objects in harsh chemical and thermal environments. 
Silicon carbide (SiC), a compound semiconductor, was established as a 
customary material for hostile environment applications. SiC-based MEMS devices such 
as pressure sensors, accelerometers, motors, resonators and gas sensors, mostly based 
on surface micromachining of thin films, have been emerging over the past decade [8-
13]. For example, Ziermann et al. successfully developed and demonstrated aplasma-
etched, membrane-type piezoresistive sensor for pressure measurements inside the 
combustion chamber of a gasoline engine [11]. However, current microfabrication 
methods for SiC are quite limited when compared against Si. Because anisotropic wet 
etchants do not work well, patterning techniques based on photolithography and 
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reactive ion etching (RIE) is used for SiC. RIE etching with SF6/Oz plasma, SF6/Oz
inductively coupled plasma (ICP) and deep reactive ion etching (DRIE) processes were 
traditional methods to etch SiC thin films, however, at the expense of very slow rates. 
Alternatives to RIE and DRIE are photo- and electro-chemical wet etching processes 
where SiC is first anodized to form a deep porous layer and subsequently removed 
through thermal oxidation followed by a dip in HF. These processes suffer from poor 
selectivity to polysilicon and silicon dioxide sacrificial layers, low etch rates and complex 
steps [12, 13]. Another approach to patterning SiC microstructures involves the use of 
micro-molding, whereby an inverse pattern is etched into a sacrificial layer such as 
silicon dioxide [14]. SiC is then deposited conformally into the mold and then planarized 
using chemical-mechanical polishing. 
Femtosecond pulsed laser micromachining is a newer method for precise 
patterning of MEMS devices in SiC thin films due to its "non-thermal" ablation 
mechanism [15-17]. Two basic approaches are use to control the laser beam irradiation 
of the workplace 1) uniform illumination of a mask 2) direct writing with a point source 
beam. When masks are used, optics shrinks the resulting image and focuses it on an 
area typically 5 to 15 times smaller than the mask. In direct writing, either the direction 
of the beam is controlled by a mirror or the workpiece itself is moved on a positioning 
stage. 
When compared to other patterning techniques, femtosecond pulsed laser 
"direct-write" micromachining has the advantages of little collateral thermal damage, 
fewer processing steps, absence of masks, faster etch rates, insensitivity to 
crystallographic orientation, ability to form curved features and complex structures, 
capable of serial and batch-mode production processing with no major investment 
required in large clean-room facilities and many expensive process tools, and 
applicability to a wide range of polymers, ceramics, glasses, crystals, insulators, 
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conductors, biomaterials, non-planar substrates, thin and thick films [18-24]. 
Femtosecond pulses are extremely short by any standard, so that the laser energy 
deposited in the material does not have time to dissipate away from the micromachining 
spot via mechanisms like thermal conduction. The energy is deposited so fast that the 
material is forced into plasma which expands away from the material as a highly 
energetic gas, taking almost all the heat away with it. Essentially, the material goes 
from solid to gas phase without forming a melt phase. Consequently, very little heat is 
left behind to damage the material, resulting in high quality features. 
In this paper, we report the results of a study of the use of a Ti: sapphire 
femtosecond pulsed laser (Spectra-physics, Inc., Model Hurricane X) to fabricate a 
microgripper on 3C-SiC thin films. The effects of pulse energy on the etch rate and 
quality were evaluated. 
Material 
Silicon (Si), a customary material for MEMS devices, is unfortunately unsuited to 
meet the demands of hostile and harsh environments including high temperature, 
intense vibration, strong radiation, high pressure, high noise, and corrosive chemicals. 
In contrast, 3C-silicon carbide (SiC) is an excellent candidate for such aggressive 
environments due to its unique combination of hardness, chemical inertness, thermal 
conductivity, and electrical stability [25]. A comparison of the properties of Si and 3C-
SiC is listed in Table 1 [26]. The superior mechanical and chemical properties of SiC are 
attributed to the bonding of carbon and silicon atoms along with little or no grain 
boundary impurities. SiC is not attacked by acids, alkalis or molten salts up to 800°C. In 
air, it forms silicon oxide protecting the material up to 1600°C. High thermal 
conductivity coupled with low thermal expansion and high strength gives SiC exceptional 
thermal shock resistance. SiC is less susceptible to the stiction-related failures due to its 
lower surface reactivity compared to Si, thus improving long-term reliability. It has 
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superior wear resistance similar to diamond. It does not suffer from strain-induced 
degradation (creep) or build-up of native oxide resulting in long-term stability. It also 
exhibits excellent piezoresistive effect and does not require complex or expensive 
packaging. Finally, SiC-based devices can be monolithically integrated with integrated 
circuits because of its high sublimation temperature, low diffusion coefficient and stable 
microstructure. 
Design of Microgripper 
Electrostatic-comb-drive microgripper is designed to grab micro-organisms, cells 
or micro-parts of about 20 pm in size. The opening and closing movements of arms are 
obtained by applying appropriate voltages to the microgripper [27]. Figure 1 displays 
one design of a microgripper where a cantilever beam is connected to two driver arms, 
one closure arm and a gripper jaw that in turn connected to two extension arms. This 
design has been selected in this work for its stability and its spike movement. In order 
to successfully operate this gripper, a positive charge has to be applied to the outer SiC 
conducting lines, which in turn is connected to the two driver arms while a negative 
charge must be applied to the inner conduct pad, which in turn is connected to the 
closure arm. As the applied voltage increases, a force is exerted and the distance 
between the driver arm and closure arm decreases. This in turn decreases the distance 
between the gripper jaws which allows the micro-parts to be grasped. The actuation 
force on each comb tooth is obtained by using the formula [28], F = stV~/d, where "~" is 
the permittivity of air, "d" is the distance between driver-arm and closure-arm comb 
teeth and "t" is the thickness of the gripper. 
The overall size of the microgripper (Figure 2) designed is of about 1.2 mm x 
0.35 mm with a cantilever beam of about 500 ~m and drive and extension arms of about 
Ldr = 440 µm and LeX = 100 pm respectively. The comb teeth dimensions are width (b) 
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=10 pm, length (I) =21 Nm and distance between the comb teeth (d) =15 pm, and the 
distance between the two gripper jaws (a) = 20 pm. 
Microfabrication Processes 
Atmospheric pressure chemical vapor deposition (APCVD) system was utilized to 
grow 1-2 Nm thin SiC films on 100 mm diameter (100) silicon substrates in a cold-wall, 
vertical-geometry, RF induction-heated, APCVD reactor. Prior to deposition, the reaction 
chamber was pumped down to a pressure of 200 mtorr and then backfilled with ultra-
high purity argon to 760 torr to remove oxide impurities. Ultra-high purity hydrogen 
(carrier gas), propane (15% hydrogen) and silane (5% hydrogen) were then introduced 
into the chamber. The chemical reaction took place at 1360°C [29]. A three-step 
deposition process was used, beginning with an in-situ hydrogen etch of oxides and 
contaminants, followed by the formation of a carbonized layer on the substrate surface, 
and ending with film growth. The film growth rate was about one micrometer per hour. 
An ultra-short pulsed laser was used to pattern the designed gripper by surface 
micromachining of SiC thin films. Figure 3 shows the experimental setup where the 
Ti:sapphire laser, based on the chirped pulse amplification (CPA) technique, was the 
source of irradiation. The output beam has the specifications of wavelength of 800-nm, 
repetition rate of 1-kHz, and pulse width of 120-fs. The 6-mm diameter laser beam with 
a Gaussian energy distribution was circularly polarized, expanded to twice the size using 
an up collimator, and steered by a 45° mirror onto a lens. The beam was then 
transmitted through neutral density filter to reduce the pulse energy and then focused 
by a reflective objective lens to a spot size of 3µm. 
The wafer with SiC thin film was cleaned by rinsing it with acetone and methanol 
consecutively and then mounted on a computer controlled x-y stage (Coherent Lab 
Motion Series), which has a repeatability of 1 pm and resolution of 1 pm. The movement 
of the stage was programmed in the lab motion software to produce the desired profile 
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of microgripper. The laser beam was used in the direct-writing mode to follow the etch 
pattern. Helium was used as a shield gas to facilitate ejection of vaporized material, to 
produce clean cuts and to protect the lens. The microgrippers were patterned with the 
series of pulse energies in the range of 0.5 to 5 pJ. Since pulse energies greater than 10 
pJ etched the substrate as well as thermal damages accompanying the etch ruined the 
shape and structure of the device, low energy pulses were used to get clean profiles of 
microgripper. After laser micromachining, the samples were etched in KOH solution for 
about 5-10 minutes to release the device. 
Results and Discussion 
Etch rate is an important consideration in microfabrication. In order to decide the 
suitable pulse energy for patterning the microgripper, first the etch rates were 
determined as a function pulse energy by irradiating the samples with different pulse 
energies (pulse repetition rate 1 kHz) and then measuring the etch depth using a 
DekTak profilometer. Figure 4 shows that the etch depth per pulse increases with an 
increase in pulse energy. These etch rates are much higher than those obtained in 
conventional microfabrication methods. In RIE and DRIE processes, the etch rates are 
much less than 1 pm/min [30]. In photo-electro-chemical etching processes, the etch 
rates during anodization phase are 400 nm/min for n-type 6H-SiC, for p-type 6H-SiC 2.2 
pm/min and up to 10 pm/min for n-type 3C-SiC [31]. 
In laser patterning of the microgripper conducted in the present study, the spot 
size of beam was 3µm and hence each spot received little more than three pulses on an 
average. For three pulses, the etch depth have reached more than the thickness of SiC 
film if pulse energy was held >_ 5µJ. 
Figures 5 and 6 show the scanning electron microscope (SEM) images of laser-
patterned microgrippers at three different pulse energies. Although a complete 
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microgripper with well-defined features was evident at 5µJ, there were measurable 
amount of debris and recast layer in the micromachined regions. In some places, 
especially in comb teeth, the laser beam penetrated deep into silicon substrate and 
made significant collateral thermal damages. In addition, a rough surface morphology, 
characterized by jagged protrusions, was developed (see also Figure 6a). A five-fold 
reduction in pulse energy from 5 ~aJ to 1 uJ produced well-defined and much improved 
structures with little contamination and thermal damage. There is no evidence of typical 
thermal damage such as cracks, ripples, columns and recast layers. However, when the 
pulse energy was further reduced to 0.5 µ), only a portion of the SiC structural layer was 
completely ablated. There is also evidence of formation of nanoparticles (Figure 6d) on 
the sidewalls of etched profile, suggesting that the mechanism of ablation involves 
material removal by nanoscale. 
Figures 7 and 8 are the SEM images of microgripper and comb-drive produced at 
5 pJ and 1 pJ respectively and then etched in KOH. The 5 pJ processed samples were 
disintegrated while the 1µJ sample showed no signs of damaged regions of silicon and 
surprisingly smoother surfaces. Random distortions were observed with 2-4 µJ pulse 
energies. The microgripper patterned by using 1 µJ sample exhibited well defined, 
smoother edges with no missing parts. However, some parts were still sticking to the 
substrate after releasing the device. Stiction is a common problem in MEMS devices 
which can be solved by supercritical drying or naphthalene drying method. 
Conclusion 
Ultrafast laser surface micromachining of CVD-deposited 3C-SiC thin film on 
silicon substrate followed by KOH etching was performed to produce a comb-drive 
microgripper. Pulse energies in the range of above 0.5 µJ to 1 NJ were found to be the 
most suitable for patterning of SiC thin films. High quality, debris and damage-free 
devices were obtained at low pulse energy (at 1 pJ). Higher pulse energies generated 
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significant amount of recast layer and damaged fragments while lower pulse energies 
are not sufficient to ablate the material uniformly. This study demonstrates that the 
femtosecond pulsed laser ablation has excellent potential for SiC micromachining and 
has a superior edge over traditional lithography method. 
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Table 1 Comparison of some properties of SiC and Si 
Material Property SiC Si Benefit of SiC 
Young's modulus (GPa) 400 190 Smaller, rigid structures 
Density (g/cm3) 3.3 2.33 None 
Acoustic velocity (m/sec) 11,652 8,075 Higher mechanical frequencies 
Thermal conductivity (W/cm°C) 5.0 1.5 Superior heat transfer 
Dielectric constant 9.7 11.9 Reduced capacitive losses 
Breakdown voltage (MV/cm) 4.0 0.3 Finer linewidths for electronics 
Band gap (eV) 2.3-3.2 1.12 Higher operating temperatures 
Melting temperature (°C) 3200 1410 Higher operating temperatures 
Knoop hardness (kg/mm2) 3300 1050 Stronger and wear-resistant 
Maximum temperature (°C) 1000 300 Better thermal resistance 
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Figure 6 SEM images of comb drive at different energy levels at: (a) 5 pJ; (b) 1 
NJ; (c) 0.5 pJ; (d) close-up view of the comb-drive side wall. 
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Chapter 6 General Conclusion 
The systematic investigations revealed that femtosecond pulsed lasers offer several 
benefits over nanosecond pulsed lasers for deposition and micromachining of difficult-to-
fabricate materials. Ultra-short laser pulses impart extremely high intensities and 
provide precise laser ablation thresholds. It is particularly striking to note the use of 
femtosecond pulsed laser for improved manufacturability and performance of SiC, an 
advanced semiconductor material for MEMS devices with numerous applications such as 
sensors and actuators in hostile and harsh environments. The study demonstrated that 
the ultra-short pulsed laser occupies a unique position in the microfabrication facilities, 
fulfilling the needs for patterning and depositing thin films of exotic and diverse 
materials. 
